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Abstract

The recent  clevelopnient of tra,ppcd-  ion frcxlumlcy stanclards,  which c)ffcr

high stability over long time pcriocls,  provides us wit]l a potmltial  lic\v I]lctllod

for clctccting  unseen matter ill tllc outer  solar systcm. A distributioll of lilat-

tcr or a plallctary bocly could proclucc  a mmsurablc  gravitaticmal  rcclshift

o f  the raclio sip;llal rcccivcd  fro]n a sl)ac.ccraft  cql]ip])c(l  lvitl] all ult]astable

frequency stanciarcl.  l’rappccl-  ion standards llavc R potential frcc{ucllcy sta-

bility of 1 part i]) 1016 o r  better  over lcnlg tilne  pcric)cls. W e  ccmsidcr tllc:

potential impxovcmcnts  tl)is method  COIIIC1  yield cwcr convclltimal  dylla]nical

tests for unsccll  matter in the outer  solar systcln  possible now or allticipatccl

il] tllc near  future.

Subject  Hcadimy:  dark matter - solar systcli]: gmlcral - gravitation] - rela-

tivity  - raclar astronomy



I. Introciuction

An important unsettlec] issue coxlc.er]]iIlg  the ria.turc of the solar  systcnn

is whcthcx  there  exist distributiolls of still unsmm matter irl tl]e cmkr solar

syste]n.  The possibilitim  incluclc planctesinlals  rmnailling  frcnn the forlrlation

of tl]e solar systcIII,  cml]etary  belts, CN CVCI1 a tfmltl] plal]et  (fcu a rm’icnv and

certain limits,  scc ‘1’re]rmillc  1990). lJnscm~ IINISS in t}]c outer  solar systmn

ccmlcl be cletec.kcl  hy its dy]]a]nical  efikxts 0]1 lJranus or ATcptullc,  or o n  a

clccp space  proi-]e. }]owevcr,  prcsc]lt  u~lccltai]ltics  il] t]lf: data  ]imit t]]c sc]lsi -

tivity  of these tests (Anderson aIld Standish  19S6; Stalldisll  1 993). I~ecziusc

of the long orbital periods of Ura]lm  a]]d Ncptu]le  (84 years and 164. S years,

respectively), wc ]Ilay nave to wait lllz~lly ulc)lc years before  additional  o1>-

Smvatiolls  of their  positio]ls  yidc{  cldillite  Icsults. Matter at largm distallc(w

coulcl still rmnain ulldctcctablc.  The altmrlatc  lndhc)cl of tracking the Inc)-

t i c m  C)f a clccp spa.cc prohc  is lilrlitcxl by tllc CdTcct c)f llc)]lgl~(\’it[~tic)llal fc)rcm,

such as tl]osc  producccl by attitude  Cc)lltrc)l  clistllrballccs.  For spill- stalji]izcd

s])acccraft, such as Pioncm  10 a]lcl 11, accclc.raticnl  XIlo{]cls llavc bcml lilnitcd

to an accuracy of 5 x 10- ‘4 kIn/S2, III this ]mpm, ltw Ivil] co]lsidcr  a potc]]-

tial  ncw method to test for unsccul distr’i])utiol]s  of lllatter’ ill tllc outer solar

systcrn.

Ill a.c{clitio]l to the dynamical rflcc.ts of a IIlass clist]ibutiol],  gcx]m$al rel-

ativity also predicts a gravit, ati(nlal  frcxl~lc]lcy  shift l~ct~t~ccll t]vo oscillt~tc)m

at cliflc:rcni loc. atic)ns ill a ,gra.vitatiol]al  ficldo This  cfIcct  cal I I.>c Ir]easuled i]]

tl]c sc)]ar systcnn by tlal]sl]litti]]g  a radio sigl~a] floll] a s]):icrc]:lft c(]lli])l)cd

\vitll a stahlc frcxlucncy stjalldard (for a review, sw l<risl]m 1 990). FlolvcT’cl”~

b e c a u s e  of the  lalgc dista]]ccs  i]ll’olvcd ill t,ljc outfcr sOlal” systclll, scn’cl’ill
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mcmths or C.WCXL years may be reciuirecl to probe  the gravitational potm]tial

of axl ullkllowxl source  before  a defi]litc  sigllatllrc call bc clctcctccl.  WTC Illust

t]mrefore  use a frequency stm]darcl which is higl]]y stable over long tilnc pe-

riocls. T’hc recent  devclopll~cllt  of trappccl--  icn] stalldards,  wl]icll nave this

capability, makes SUCI] a.11 cxpcrj]licmt  feasible ~]mv alId potclltia]ly  coln])cti-

tivc with ccnlvm]tional  dyllanlical  tests.

q’he tec.h]lcdogical capabilities for SUC1]  a test will bc cliscusscci  furtllcr in

the next Section. Ill Sectiml  111, the scl]sitivity  of t}le test will be estilnatecl

for certaili possible forms of UIISCCII matter, Vlre will cmlsider the cnscs of

1 ) a spherical shc]l of either unjfornl  clcmsity or with al] isotlim]nal  dm]sity

clistributioll,  2) a uniforln,  circular belt, and 3) a tmlt,h pla]lct.  Co]]cllldi]]g

remarks a]qmar in Scctio]l  IV,



11. Technological C;apabi]ities

Quartz crystal oscillators have txxm relied upon up to now for usc cm

deep space probes. However, c]f the Pioneer and Voyager missions to the

outer solar system, only the Vc)yagcr spacecraft were ecluippecl with an ul-

trastable oscillator (USO). It was manufactured by Rcquency Electrc)nics

Incorporatecl  (FEI) in 197’7. For 1000 scconcl  averaging’ il~tcrvals,  the fre-

quency  stability is at 1 part in 10]z, although the rancloxn  \v~lli can bc InUCh

larger. With this level of stability, it was possible to test the gravitational

reclshift  due to Saturn with all accuracy of l% from the VoyZLgcr 1 flyby

in 1980 (Krisher, Andcrscm, Calnpbcll  1990). Most recently, the Cjalilco

mission has provided a test of the reclshift clue to the Sun at the same accu-

racy (Krisher, Morabito,  and Anclerscm 1993; Mcmabito,  Krisllcr,  and Asmar

1993).

In principle, a similar type of cx~~criment COUIC1 be pcrfcmned  tc) test

for a rcclshift  duc to unsccxl  nlatter  in the cmtcr solar system. I’rcscntccl

in Fig. 1 is a plot of the Voyager 2 USO frequency from 1982 throup;h the

Neptune flyby ili 1989.  During this phase of tllc ]nissioll,  the lToyagcr Iiadio

Science Team collcctccl  clata froln the US() ill orcler to mollitor  its health ancl

performance. The data was generated by transmitting from the spacecraft

a 2.3 GHz radio  signal referenced tc) the USO to a tracking station of the

NASA Deep Space N~!t\~o~li, WI IC)SC rccci~~cr was rcfcrcn  c.ecl tc) a hyclrc)gcn

maser frcquen  cy standard. .4 coherently transpondccl  signal rcfercnccd  to

the maser at the station was used to calibrate tile motion of the spacecraft.

WC see that the most noticable featmc  of the data is a linear dccreasc  ill the

frecluency at --11 ]nHz/day,  which is consistmlt  with Cxpcctc!cl  aging effects
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11. Technological C~apabilities

oscillators lmvc lxcII  relied upon up to Iiow  for USC 011

However, of the Pionecx  ancl Voyager missicms  to the

only the Voyager spacecraft were cquippccl with all ul-

(lJSO). It was ll~z,]l~~f,,c.t~~,ccl  by Ikclue,]c,y  I+lcxtrc)l,ics

clue to Saturll  With all accuracy c~f 19’o frol]l tllc Voyager 1 flyby

(Krishm,  AI]clcmcm, C~alIII)bcll  1 9 9 0 ) .  Mcmt rcwc]ltly,  the  Galilee)

has proviclcd  a test of tllc rcdsllift  due to tllc Sun at tllc salne ac.cu-

Il]corporat,ccl  (FRI) in  1977. E’c)r 1000 scconcl averaging illtcrvals,  tllc fxc-

c]ucmcy stability is at 1 part ill 1 0]1, althcmgh  th~ XZIIICIC)II1  \Valli Call b~ ll”lUC.11

larger. With this level of stability, it Ivas possible to test  tile gravitatiolla]

rcdshift

ill 1980

Inission

r a c y  (Krisher,  Moxabitc), allcl .L\IlclcYscJn 1993;  hflclrabito,  ]<rishcr,  allcl Asll”lar

1993).

III ]xinciple,  ZL sinli]ar  ty]x c)f exlm] illlcmt c.cm]cl be pcrformcxl tc~ t e s t

f o r  a rcclshift  duc to unscml xl]attcr ill tllc o u t e r  s o l a r  systeln.  Prcscnicd

ill l’ig. 1 is a plot of the Voyagcx 2 Uso frcqllcllcy  frc)ln 19s2  t]lrou/,11  tllc

hTcptunc  flyby in 1 !38!3.  Durillg  this p]lasc  of tllc missicnl, tllc Voyager ltadic)

Sc.imce  Tcarn  collcctcd  clata frc)lll tl]c IJS() ill order to lllollitor  its hca]tl]  ancl

pcrforlnallcc. l’hc data was gcllc]ated by trallsl]littillg flo]n  tile sl)acccraft

~L 2.3 ~~]z ~ZtcliC)  sigIl:l] lcfclcll~e~l  to t]]~ US() to a t,radiillp;  station  of the

NASA Deep Space hTctwcmk, W1]CW rcc.ei~’cr  w a s  rcfermlcccl tc) a hydl-c)gcl]

]naser  frequcmcy stallclarcl. .4 collcrcnltly tra]w]mldccl  signal rcfcrculc.  cd tc)

the maser  at the stat,ioll was used to calibrate the Iilotio]l  of tl]c s]mcccraft.

Wc scc tl]at  tllc mc)st ]loticablc feature of tl]c data is a li]]car  dccmasc  ill tllc

frc!qu(!!lcy  at - 11 ll”lHz/day, wl]ic]l i s  consistcnlt witl] Cx]xwtcxl ag;i]lg;  cff”cxts



in the USO itself. U]lfortullatcly,  tllc effects of a:;i I]g and IaIIcloIn  walk ale

so large  that tilcy  prccllldc  a scl]sitive  rcclshift  test for uIIsccII  Inattcl.

Aging cflects  are IIIUC.1]  lCSS scnwrc ill all ato]llic  f]cquc]lc.y stallcla]d.  FOI

example, it is possible to keep the  frcqumlcy  c]rift  of a llydrcJgcu HIWCI’ C)s~il-

]ator  below 1 part ill 1015 pm day (Owixlgs  1993).  ]t ])as been I~ml~c)scc~ t]lat

a hyclrc)gm  maser Stanclax-cl klc flmwl 011 [l, solar pmbc! (Vcssc)t 1991, 1 ‘393).

At such a C1OSC proximity to a I)lassivc  bocly, the IIlascr Ivc)lllcl pl”c)viclc the

ca~mbility to perform  a highly pl cc.isc glavitatic)]]al  rcclsllift  exl)eri]l-le]lt  (l{r-

ishm- 1993).  For a lnissioll  to tile c)[ltcr solal”  sys LcII], 11Wllc!x’c  slIla cl” lllasscs

a.K! illvO]veC~,  it is dcsil[l.h]~  tC) hav[.! Still llig]lCX  fl’C[]ll  C’l JC~ Stability. .~ Cl”yC)-

gcnic  hyclrogcn Inascr  tllcc)x-ctically COIIIC1 llavc IIIUC1l illlprc)vccl sta}>ility, b u t

i t s  actual  capal)ilitics  remail] tc) IN clc+ml~i]]ccl  (Walswc)rt]]  et 0.1. 1 993).

‘1’hcm n o w  e x i s t s ,  howcvu,  a IICW ty])c c)f ato]nic. frcclllcllc.y  stallclarcl

basccl upol] the tcchlliquc  of stcxillg  ions ill a]] clcctroll-l~~gllc!tic  trap (Vallicr

mld Aucloin 1 9 8 9 ) .  Fcm avmagil  IF; ti]lles bcyo]ld  106 Secolldsj  the: stal)i]ity

o f  a  tm-tppccl-  ion stauclarcl  l]as bum dc]l]cn]strated  tc) cxcccd t h a t  c)f c)tllcr

atcnnic ‘[clocks” (Allall,  Weiss, and I)cq~])lcr  1989).  l’Icrcury.  ion standards

C]]l])loyillg a  11ovC1 linear  tra]) dcsi~ll, ]vllicl] has  illl])orta]lt  advalltagcs,  a]c

nc)w bcin?; built a.]lcl tmstcd by a grcm]) at tllc Jet l’ro]~ulsic)ll l a b o r a t o r y

( 1 ’ r e s t a g e  et d. 1992; l’jcmlkcx ct al. 1993).  I{cccmt tests ha,c (lcl]](,~]st]tltc(l

all Alla]] deviatiol]  of l.x!ttcr tllal] 10 -  ‘3 /~ fc,r avcragi]]~; i]~tcr~wls T }’t,r

T >  1 OC; secmlds,  tl]is lcnwl c)f pclfo~]l]a]lcw rcwllts ill a  fractiol]al  f]cqllc]lcy

16 \4Tith suflicic]lt  rc~u]atio]l  of o]m’atillg; paraln  -stabilit,y  of bctltcr than 10” .

Ctcx’s :lncl c]]vilc)]lll]cllt,[]l ]~r:]’tll]l>zlt,io]ls, i t  In:iy bc ])ossil)lc  to lnaillt:li]]  (I]is

lm’el of stability cm ~1’C!ilLCI’ over Inucll loII/,cl  i illlc ])criods. \Jost, ill]polt:{lltly,
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i t  i s  fmsible to clcsifyl a spaccc]aft  standard  satisfyillg  tllc reqllirc]rlc]lts  of

SIIla]] SiZC! ,  Slilall Inass,  allcl loklr ]Jom~m  collsul]]l)tioll  (Maleki  and l’rmta~c

1994).

111 order to exploit fully the stability of aIl atolllic  flcxlucl]cy  stal](lard,  it

is IIccessary to ca l ibrate  accu:atcly  tl)c Illotioll  of the spacccraf~  al]d Il)cdia

effects cm the raclio sig]lal. “J’l)e  lllotic)l] of the s]xlcccraft  call bc calibr{itcd

by mcasuriIlg  tile Doppler  shift c)f cohcrmltly  trallspolldccl  radio sigl)als,  ill

whidl  the rcclshift efle.ct  CEUICCIS  - out ill tllc rccciwxl signal<  It is also l)ossi-

blc, by various lneans, t o  calil)ratc tllc cf[ccts  of il-ltc]]~l:l]lctzi]y  ])lasIIIti  a]l(l

the F,altll’s icmosphcre a]]cl tlopc)sl)l]c]e. ii cculacics llavc bccll  acl]icvcd  ap -

prcmchilig the stability of tllc llydrogcll  ]Jlascr used :Is a rcfelcv]ce (1 ]):ilt  ill

10]  5; .4rxnstro11g  1 989).  ‘1’llis ac.c.ur:lcy  could still bc i]llp~o~d, llolvc~’cr.  A1l

interesting possibility is tc) usc a ‘(four- li]d{” radio systmn,  Jvllicll has bcc]l

prOpOSCd  ill OXdCr to F;CII’lCXiit,C  till”lc! Cxmclat,cd  frccluulcy  clata  flwln lvl~icll

acc.urat,e  lIlcclia calibratic)Ils c o u l d  l)c clcvivcd ( S]JlaI’r et al. 1983:  Vc!ssot

1 9 9 1 ,  1993).  ‘i’hc p]aslz]a effects alc (Iisljclsivc! and CaYI l)c dctcl]lli]lccl  by

i]lc.orpora.ting ]nultil)lc  frcqum]cics  (Ilcrtotti, ~olllorctto,  a]]cl less 1 9 9 3 ) .



111. Redshifts  ]-)ue to }Jossible  Matter l)istrihutions

Wc will assulne  static ciistributicnis  of matter ill wllicl-l tllcre  is no cxp]icit

CICpCXIC{CllCC U~)Oll tiIIIC. q’hm,  ziccordillg  to gcllcral  relativity, the frcc{ucllcy

o f  a sigllal  tralmnittccl  frcnrl a C.1OCA at rest  ilt XI is rclatcxl to tllc frcqllcllcy

rcc.civcd by a clock at rest at xz ljy tile cxprcssiml

f2/fl = [goo(m)/900(*2)  ]’/2, (3.1)

‘1’}lc metric tensor  g,,,, is spccificcl by tile I;illstcill ccluatic)lls  fcjr a givml dis-

tribution c]f matter  ancl appropriate boundary  cwl]cliticms, Ilc)lvevcl,  f(n \VC~al{

gravitatliollal  ficlcls goo = - 1 -1 ‘2U/c2  tc) lc)wcst o r d e r  ill tllc Ne}vtc)lliall l~c)-

tcmtial  U  (dciinccl  pc]sitivcdy), ]]]ocIu Ic) l)c)ssiblc  Cmlstallt far.tors clclmlldillg

Upon bouxlclary  c.cnlclitiolls. WC w i l l  avc)icl tllcsc cletai]s  by siln~)ly syl]cllro-

nizil)g our clocks :Il)prcq)riatcly. III orclcr to dctcrlnille tllc smlsitivity  wllicll a

redsllift  test could ultilnatc]y  achieve, WC will assulne  a fractional frcqllcllcy

stability of 10-” lT.

a)  Sphcrica]  sl~dl

F i r s t  wc will collsidcr  a ulliforln,  sl)llcrically  syllllllctric slicll {)f l[iclills

r~ a~lcl havillg  a  vacant  c.orc c)f ratlius  rC. WC Coulcl CX])cct ;1 Vacant Col’c”  to

C?ll COIII])ZISS  t}lC illllC1’  SO]ZII’  SJWtClll, l)ccausc matter  Wc)uld llavc l)CCII  Swc’pt

away due to g;l.:lvital,ioll:ll  scat, tcri I)g by Jupiter a]l(l {I]c illllcr  l)l:lllcts.  ‘J’hc

Ncnvtcnliall  l)c)tclli,ial illsidc  t,llc s1lcII i s

s



U(TC < r < 7’. ) = (27: G’p/3)(3r:  - 7’2- ?r:r- ]), (3P)

Wllcre p i s  tllc clcllsity. For a radio siglla]  tI.allslIlittcd  floln insiclc tllc shd]

tc) a. poiIlt i]lsidc tl)c c.ore, equatic)l]  (3. I ) IJrcdict,s that

~f f2 - f] 27T Gp
3c~ (d +“ w; 1- 3?’:).

~.— .—. : ,.-—
‘f f] ~

(3.3)

‘]’llc till-lOUIlt  of n]atter illtc!ricJx’ to ?“~ is given by i~f(r~ ) = (47i p/3)(7”~ - r:’).

If \vc dcfil]e c 3- Af/f, thc]l cql~atioIl  (3.3) provides tllc Iclatic)ll

M(r] )/AI@ = 2C x lo~(r: - 73(7’;  -{ ?7’:?”; ‘ - 3?’:)-  ] , (3.4)

for clistallces  in A U .  I,ct u s  cc)llsicler tllc case ill ~vllicl] r] =. 3 0  AU (tllc

orbit of Neptune) and 7C = 9.L .AIJ (tllc cmbit o f  Saturlj). ‘1’llmi cquatioll

(3.4) yic:l(ls  tllc rcsldt  Ll(r, )  < I’.6 X 10g\clALJ~, 01’ M( 7’] ) < 10- 7 J14@ for

ICI < 10-]7.

For alI isothcrlllal distliblltioll  of Illattcr,  tllc dcllsity  varies Tvitll  radius

acc.cmlixlg  to tl)c cxl~rcssioll

(3.5)



U(7’C  < 7 ’ <  ?’~) :- 202[1  - 7’=7’-  ‘ - log(r/?’c)]. (3.6)

(for a,, exact gcnlcral relativistic solutim),  scc Hoj~]]a~,, l’.ella, aIl(l zaIllol”allo

1993).  l’llc xnass at a raclim r  i s  ,14(7) z 2uz(7’ - 7’C),  f]oln  wllicl] m’c obtain

the relaticn)

D’ = 4:) OIAJ(J’)/JIJC)]  [}\lJ/(T0  - rc)] (]{111/s)2.

Recvaluati]lg  ecluatioll  (3.3) fc]r this case, ~vc obtai]l for the reclshift

Af
2(a/c)2 [1 - ?“C?’; ‘ -

‘f ‘-
log(7”c/?’] )] ,

w]lic.h,  with Eel. (3.7), yidcls  tllc result

-1
M(7.1 )/MO = Io%[(r]  - Tc)/AIJ] [ 1  ~~ 7’c7’~  ‘ - log(rc. /n ) ]  . (3.9)

If wc again consiclcr a shell bctwcxm the Cml)its  of Satur!l alld Ncptullc,  tfllcll

A4(?’~)  = 1.1 x lo~lfp4@. IIC)I- ICI < 10-”] 7, \\’C! COll]Ci tllLIS C] C!tC!C.t  i~~(7’I ) <

10- 8A4@.

b) Ulliforln  IJclt

Wc will  Cstilliat,c tllc rcdsllift  cfl”cct of a Illliforln,  cilclllar belt sitlltlt(:cl

at a hcliocmltric  distaIlcc  7’1, I)y co~lsidcrillp;  sigI)als  tra)lslllittcd  frOIII IleaI tllc
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location of the  belt, For this situation, the belt call be approxilllatecl  by al]

infinitely long tube of raclius rt. ‘1’h~ Nc\vtolliall ~OtClltial at 1 ’ <  I“b iS F;iVc!ll

b y

U(7’ < ?’b) = -
(:w)w’i”)+

(3.10)

w h e r e  kf =- (~~?”b)(~r~ )p is t]le t,ota] IIIaSS of t~lc b e l t . l;quatic)ll  (3.10)

imp l i e s  t ha t  tl]c rcclshift cfiect is of order I c1 w ~+~~/c2 ~i ?’b  fc)r WI]UCS of r

cons is tent  wi th  our approx imat ion .  I f  wc assuIIIc  7’~ =- 40 ALJI thcIl M *

lololc\M@. For ICI = 10-1’, \vc coLllcl  t,lllls detect a  be l t  o f  mass  M ~

lo-’ M@.

c) lcnth l’lallct

The rmlshift  effect clue to a plwlctary  bocly c)f mass M is si]nply givcll

by

(Af/f)  = - (G’M/c’)(z; ] - x; ‘), (3.11)

t o  lmvest orclcr ill t h e  Ncwt,olliall  potclltia], WIICIW J: i s  tllc distal)c(:  frol~l

tllc p]and. L e t  11S suppcxw t h a t  wc bc?;i~l lncasu;i]lg tl)c rcdsl)ift  /it 10(I AIJ

from the plallct, and that the spacecraft passes witl~ill cmly z] = 50 .Al_J.

Equatiml  (3.11) implies a mass scllsitivitly of M = 1010 lcllll~, wllicll yields

,!4 <10- 7flJ@  for /fl < 1 0 - 1 7 .
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IV. Conclusions

I“roln  t]lc pxcc.cding  considcratim]s, w c  COIICIUCIC  tlmt a rcclshift  t e s t

could  have  a  detect ion smlsitivity  ap]moacl]ilig  10- 7ME). III pract ice ,  the

data.  wou]ci ]Icccl  to be fit to rcalisiic  IIIcJdcls  of possible matter dist,riblltiolls

to ddcmninc tl]c Ixlost l i k e l y  souIcc  of any apparent  sig;llaturc.  UIIkl IotvlI

paraIrletcrs  in these modc]s wc)ulcl  involve the locatiol]  01 dimensions of the

source, ixl addition to its Inass, A r igorous  covariancc  analysis  S11OUIC1  be

dom t o  detcmnillc  prccisdy lIOW WA tllcsc paIaIIIctcIs ULI1 be estilnatcd ill

the pmwncc of anticipatcxl  error SOIIZCCX, sucli as ralldoln  walk of tllc frc-

c~uellcy standarcls.

For tllc case of a spher ica l  slIcll illtcric)r to Ura]]us o]’ .NC]~tLlllC,  CC)ll-

siclcrcd rccmtly by AndcrsoII  et al. (1989, 1994), a scllsitivity of 10-7 Mc),

which cqua]s  0.03  A1aJ, WOUIC1 ~Jmviclc al)ollt  a fact, or of 2 ill~l>rc)~’cll-lcllt o v e r

tllc current sensitivity proviclccl by alli~lyzillg tllc lnotiml of lJraIIIls,  14Tc  could

gai)l a,b~Llt  a factor of Z() il))prov~l]l~llt  o~~(:r t]lc scllsitivit,y  cLIIrclltly possible

with Neptune. Howcxwr, a rcdshift  test could bc rl]ost iml]ortal]  t for detect-

ing m.attcr  b e y o n d  Ncptuncj  for whicl] ~JlalJctary  a]lcl s~mccc.raft  dyllalnica]

tes ts  may be IIigldy lilnitwl.  q’his Inig]lt verify the cxistcvlcc  of tllc ]{uipcr

IIclt (Duncml,  Quinn,  and ‘1’rmllainc  1 988;  l)yson  1992),  for Ivhicll call (liclatc

members  llavc: been clctcctcd  rcmltly at a llcliocmltric  distmcc llrar 40 :\lJ

(Jcwitt a,~d I,UU 1993).  ‘1’rackil,g o f  l’ionccr 1 0  has so fal resulted  ill olily

a limit of 5 Jl(~  ou tile. total ]nass of such a belt, (.~ln(lcrson and Standish

1986).  WC  a l s o  e s t i m a t e d  that a tcllth  planet  could bc dctm.ted,  evc]l at,

large dista]lces. A  lmcly w i t h  a lnass of 1 to 5 11~~,  l]as bcml l)ml)(xw(l.  ill

an orl)it  having  a scnlilnajol.  a x i s  of 50 t o  100 .411 (h’Iatcsc  and WTl~itl)iirc

]~



1986;  Barrington 1988).  l’resent evidence for its existcncc is highly uncertain

and plagued  by c{iflcrillg interpretations of the avail al]lc data 011 Ura]lus and

N e p t u n e  (Scidc]mann al~d ~Iarrillgtoll  1988;  Stalldis}l  1993).

l’rapped- ion stanchirds  are being clevclcqmd  further at J 1’1,. ‘1’mts of the

long- terln stability have been lixnitccl by the stability of tllc hydrogen  ]]lascr

stmldard  USCC1 as a rcfcrcl]c.c. ‘J’l]c planllccl C.ollstructioll  of several tlal)]>ccl-

ion stanc]arcls will pcrlnit illtcrcoll-l]Jalisorls  to I)c l~mfcnliiccl  ilJclc]mlIclclldy cjf

a rcfcrcvlce of lesser stability (rl’joclkcr  ct 0,1. 1993). Ilill~rc)vclncllts  ale also

possible in tlic linear trap clcsigll already in usc (]’restage et al. 1 993).  In

adcliticm,  the usc of yttcrbiuln ions, illstcad  cjf mercury, is bcill~; illvcstigatccl

and could provide ilnportallt advalitagcs  fc)r t}lc clcsigll of a spacecraft stand-

ard (Malcki  and Prcstage 1994).  Altllou?;ll ill this l)a]wr wc fcxmssecl  cmly

011 a single  scientific goal, a s])acccraft  tlllppcd- ion standard  C. C)UIC1 ])rc)viclc

fc)l Other intcrcstixlg  raclio scicllcc cx~)c~illlcllts  Ilcjt cliscllsscd llcrc.

13
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l“igure  C;aption

Fig .  1  -  Voyager  2 USO frequcllcy  in Hz versus tilne  ill clays. A bias of

2296481000 Hz has been subtracted fron] the data  for collvcnicncc. 1-’I”1C plot

begins on 1 January 1982 axlcl ends cluri)]g 1990;  for rcfcrmlcc,  the tilncs  c~f

tllc UraIms  allcl Neptune flybys arc indicated  by arrows.
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